In this work, we use the lattice Boltzmann method (LBM) to simulate High Rayleigh number natural convection flows in a cavity filled with air and heated from below. One of the vertical walls has a cold portion, while the other walls are adiabatic. This cavity simulates a living space with under-floor heating and fitted with a glass door (single glass). Computations are made in two dimensions for high values of Rayleigh number. The model uses the double populations approach to simulate hydrodynamic and thermal fields. The traditional LBM with a non-uniform grid has high grid requirements at higher Rayleigh number values. The results are presented in terms of streamlines and isotherms. Variation of the local Nusselt number on the walls is shown and discussed. Global heat transfer has been studied in terms of average Nusselt number which is correlated with Rayleigh number. Dimensionless profiles of temperature and velocity along the vertical and horizontal centerline are illustrated.
Introduction
In the last two decades, the Lattice Boltzmann method (LBM) has proved its capability to simulate a large variety of fluid flows Higuera and Jiminez, 1989; Benzi et al., 1992; Filippova and Hanel, 2000; Mei et al., 2000; Wolf-Gladrow, 2000; Succi, 2001 , Dipankar Chatterjee, 2014 . For isothermal fluid flows, the LBM was found to be an accurate, stable and computationally ''economic'' method compared with classical computational fluid dynamic methods. The Lattice Boltzmann equation represents the minimal form of Boltzmann kinetic equation (Tanda, 1997) and the result is a very elegant and simple equation, for a discrete density distribution function. This method can simulate a great physical phenomenon called natural and turbulent convection (Acharya and Mehrotra, 1993; Tanda, 1997) . The validity of the LBM proposed in this article is done through its application to turbulent natural convection in a square cavity. Several authors (Mohamad, 2007; Mahamad et al., 2009; Mohamadand Kuzmin, 2010) proved abilities of this method to simulate natural convection in 2D cavities by comparing results obtained by the LBM with those obtained using finite difference method. They presented a detailed analysis of the natural convection problem to use LBM and they detailed all necessary steps to use this method. Subsequently, (Kuznik et al., 2007) used the LBM to simulate natural convection in a square cavity with imposed temperatures and non-uniform mesh. This allowed investigating, at reasonable computational cost, the laminar and transitional flow fields in the range 10 6 ≤Ra≤10 8 . The numerical results, concerning heat and mass transfer in the cases tested, are in good agreement with those from the literature. (Dixit and Babu, 2006) used the thermal LBM based on the BGK (BhatnagarGross-Krook) model to simulate high Rayleigh number natural convection in a square cavity. This model uses the double populations approach to simulate hydrodynamic and thermal fields. The transient Heat Flow through transparent materials was studied by (Dai and Fang, 2014) . Their results show that the new approach is not only simple to implement in programming but also accurate. (Benkhelifa and Penot, 2006) presented an experimental work focused on the dynamic characterization by PIV (Particle Image Velocimetry) of the turbulent Rayleigh-Benard convection in an air filled parallelepipedic cavity of aspect ratio (H/L) equal to 4. The results obtained, for values of the Rayleigh number Ra variable in the range10 8 ≤ Ra ≤ 4.28 × 10 8 , showed especially that fluctuations of velocity are important and at least of the same order of magnitude as the mean velocities. Furthermore, an investigation in the third direction made it possible to quantify 3D turbulent kinetic energy and the secondary three-dimensional effects. (Fernandino et al., 2009) investigated a large eddy simulation of turbulent open duct flow performed using the LBM in conjunction with the Smagorinsky sub-grid scale model (SGS), and found that the LBM simulation results were in good qualitative agreement with experiments. (Chen, 2009 ) proposed a novel and simple large eddy-based LB model to simulate two-dimensional turbulence. He showed that the model is efficient, stable and simple for two-dimensional turbulence simulation. Recently, (Sajjadi et al., 2011) investigated turbulent natural convection through Large Eddy Simulation (LES) turbulence model, which is applied in LB. They considered a square cavity filled with air submitted to a horizontal temperature gradient with Prandtl number of 0.71 and Rayleigh number considered to be between 10 6 and 10 9 . Their results showed that increase of the Rayleigh number leads to an increase of flow turbulence, and then the averaged Nusselt number increases. (Salat et al., 2004) investigated, experimentally and numerically, turbulent natural convection flows in a differentially heated cavity of height H=1m, width L=H and depth P=0.32H, submitted to a temperature difference between the active vertical walls equal to 15K. In the experiment, temperature is measured by 25 micro thermocouples and velocity by a Laser Doppler Anemometer. Both 2D and 3D LES (large eddy simulation) and 3D DNS (Direct Numerical Simulation) are performed. DNS uses a Chebyshev spectral method and LES a finite volume method with a local subgrid diffusivity model. Numerical simulations are performed for both adiabatic conditions and experimentally measured temperature on the horizontal walls. Time-averaged quantities and turbulent statistics in the median vertical plane are presented and compared; there is a good agreement between experimental measurements and numerical simulations for the mean temperature and the vertical velocity. (Chu and Hickox, 1990 ) studied localized heating from below in a horizontal enclosure of square platform which contained a temperature dependent property fluid. In their work, which was complemented by experiments, a constant temperature heated strip of fixed width was placed on the bottom wall of the enclosure. (Aydin and Yang, 2000) simulated numerically the natural convection heat transfer of air in a two-dimensional, square enclosure with localized heating applied by a strip placed at the bottom wall center and symmetric cooling from the side walls. Their analysis included the influence of the heated strip width and Rayleigh number on the fluid flow and heat transfer. (Hasnaoui et al., 1992) numerically investigated laminar natural convection in an enclosure, with localized heating from below and cooled from the top at constant temperature, using a finite difference procedure. The key parameters of the problem were the cavity aspect ratio, position of the heat source and Rayleigh number. They concluded the existence of multiple steady state solutions for a given set of governing parameters. (Ganzarolli and Milanez, 1995) investigated natural convection in rectangular enclosures heated from below and symmetrically cooled from the sides using the stream function-vorticity formulation for Rayleigh numbers ranging from 10 3 to 10 7 and aspect ratio varying from 1 to 9. The influence of Rayleigh number, Prandtl number and aspect ratio on the motion and on the energy transport was reported. Numerical values of the Nusselt number as a function of Ra number, were also reported with little influence of Pr number. In the present work, we investigate turbulent natural convection in a square cavity heated from below to simulate a closed living space with under-floor heating and fitted with a glass door. We consider here, heterogeneous thermal conditions imposed at the vertical boundaries generating temperature gradients in both directions. We use the LBM to evaluate the effect of Rayleigh number on the flow and heat transfer in the cavity. 
NOMENCLATURE

Physical Problem and Governing Equations
The considered configuration here is a 2D square cavity, of side H, heated from below. One of the vertical walls has a cold portion simulating a glass door, while the other walls are adiabatic (Fig. 1) .
The cavity is filled with air assumed to be a Newtonian incompressible fluid with Pr=0.71. Variation of the density is subject to the Boussinesq approximation.
Fig. 1. Studied configuration
To investigate the natural convection problem, the effect of viscous heat dissipation can be neglected for applications in incompressible flow (Salat et al., 2004) such that a simple LBM can be used.
Lattice Boltzmann Method (LBM)
The LB model used here is the same as that employed in (Peng et al., 2003; Barios et al., 2005) . This model utilizes two single particle distribution functions, f k (x, t) and g k (x, t), for dynamic and thermal field simulations, respectively. So, we consider a two-dimensional model of the LBM nine discrete velocities called model D2Q9 (Fig. 2) .
Fig. 2. D2Q9 model
The BGK approximation LB equation without external forces can be written as: 
where f k are the particle distribution functions defined for the finite set of discrete particle velocity vectors c k , x is the position and t is the time. The collision operator Ω(f k ), on the right hand side of Eq.
(1) uses the so called Bhatangar-Gross-Krook (BGK) approximation (Succi et al., 2001 ). For single time relaxation, LB approximation is that the collision term Ω(f k ) will be replaced by:
where τ m is the relaxation time for the flow and f k eq is the local equilibrium distribution functions that have appropriately prescribed functional dependence on the local hydrodynamic properties. The equilibrium distribution can be formulated as in (Ganzarolli and Milanez , 1995) :
where u and ρ are the macroscopic velocity and density, respectively, and the ω k are the weights that are given by the length of the velocity vector for the D2Q9:
The discrete velocities, c k , for the D2Q9 (Fig. 2 ) are defined as follows:
where c k = ∆x ∆t , ∆x and ∆t are the lattice space and the lattice time step sizes, respectively, which are set to unity. Finally The BGK approximation lattice Boltzmann equation with external forces can be written as for the flow field:
where w m = ∆t τ m
. For momentum w m is prescribed through kinematic viscosity as: 
where g is the gravitational vector, ρ is the density, ∆T is the temperature difference between hot and cold boundaries and β is the fluid thermal expansion coefficient. Finally, the basic hydrodynamic quantities, such as density ρ and velocity u, are obtained through moment summations in the velocity space:
For scalar function temperature or energy, other distribution functions are defined as,
where w s = ∆t τ s is related to diffusion coefficient as:
τ s is the relaxation time for temperature and α is the thermal diffusion coefficient. The equilibrium distribution functions for the temperature field, i.e. Eq. (13), can be used at first-order (Salat et al., 2004; Dixit and Babu, 2006; Mohamad et al. 2009 ).
The temperature T(x,t) is calculated by:
Boundary conditions
The boundary conditions associated with the problem are as below: 
where k = {0,1,2,3,4,5,6,7,8} and opp(k) = {0,3,4,1,2,7,8,5,6}. For the density distribution functions, bounce-back boundary conditions are applied on all solid boundaries, which mean that incoming boundary populations are equal to out-going populations after the collision (Mohamad et al., 2009; Mohamad and Kuzmin, 2010) .
 Thermal boundary conditions:  « bounce-back » conditions
Nusselt number calculation
The local heat transfer rate along the heated and cooled sections of the wall is obtained from the heat balance that gives an expression for the local Nusselt number as: 
Numerical Method
The numerical code (LBM-FORTAN) is validated by comparing our results with those obtained in (De Vahl Davis, 1983 and Le Quéré, 1991) , for two Rayleigh number values, (Ra = 10 4 and Ra = 10 7 ). The variation of the magnitude and the location of the maximum x-velocity along the vertical centerline, the y-velocity along the horizontal centerline and the average Nusselt number are shown in Table 1 . The comparison shows a good agreement with a maximum deviation of 3.04%. Finally, we proceeded to a supplementary test of validation by checking the energy balance of the system. In fact, it was carefully verified that the energy transmitted to the fluid by the heated wall, leaves the cavity through the cold one, this energy balance was verified for all the computations in terms of the average Nusselt number on the cold and hot portion. This good agreement confirms the accuracy of our numerical code. Noureddine Abouricha, Mustapha El Alami, Mounir Kriraa and Khalid Souhar/ American Journal of Heat and Mass Transfer (2017) Vol. 4 No. 2 pp. 121-135 128 The validation is done for these two Rayleigh numbers (Ra=10 4 and Ra=10 7 ) because Ra=10 7 constitutes the limit of the laminar regime and the beginning of the transient one. The choice of Ra=10 4 is made jute to consolidate the validity of our code, whatever the nature of the flow regime. for three different mesh grids: 210*210, 290*290 and 390*390. For this range of the mesh grid sizes, the results obtained are almost confusing when we see that the variation of the mesh has no great effect on the numerical results. Note that, we must increase the number of nodes when the Rayleigh number becomes larger for two reasons: to avoid the divergence of the code and in the secondhand to reduce the computation time.
The convergence criterion we used consists to calculate the relative deviation on the thermal field, as follows:
Results and Discussion
In the following sections, flow structure, thermal fields and heat transfer rates are examined for A = L H = 1, Pr = 0.71 and 5 × 10 6 ≤ Ra ≤ 10 8 . The length of the heat source is fixed (lhs=0.8H) and not considered as a control parameter in this paper. The results of each Rayleigh Number value were checked in great detail to determine the flow structure and heat transfer in the cavity. The particularity of the problem studied here, is the existence of very unstable areas in the lower part of the cavity (right side). These instabilities caused by the fact that the air cooled at the cold vertical wall is located above the air heated by the horizontal hot wall, before mixing with. So we need a sufficiently fine mesh to detect any sudden damages and rapid fluctuations of different variables studied here.
Streamlines and isotherms
Flow structure and thermal field are presented in the form of streamlines and isotherms by fig. 3 (a) , (b), (c) and (d) for different values of Ra. These figures show that the flow structure is composed essentially, by open lines close the walls and recirculating clockwise cells inside the cavity. The rotation direction of the cells is imposed by the fresh air along the cold wall which pushes the puffs of hot air at the floor heating, to flow in its direction. When Rayleigh number increases, the streamlines become more distorted ( fig. 3 (c) and (d)) to form other cells dominating the middle and the other cells outside the main one located left down at y=0.5 and rotate in the opposite direction ( fig. 3 (d) ) causing separation of the flow-type boundary layer. The flow structure becomes increasingly complex indicating a transition from laminar to turbulent flow. This transition is clearly seen between 10 7 ≤ Ra ≤ 5 × 10 7 as shown in fig. 3 (b) and (c). Indeed, it is not a question, here, of multiple closed cells that appear when Ra increases, but also the nature of the stream lines that become distorted.
The corresponding isotherms, represented in the same figures, are dense near the active portions and become, more and more, tighter when Ra increases. This phenomenon is due to the fact that heat exchange is very important in the vicinity of these portions. According to Figs. 3 (a) and (b) , we can also say that it has a thermal stratification inside the cavity. On the other hand, the isotherms are very disturbed and become much distorted in the core of the cavity with closed isotherms representing hot puffs of air rising up the layers, Figs. 3 (c) and (d). The thermal gradient becomes very high with the appearance of a thermal boundary layer sharply adjacent to these portions. Heat exchange between the cavity and the outside tends to check the balance of energy in the cavity: that is the energy produced by the hot portion of the horizontal wall, along which the isotherms are very tight, is equal to that assigned through the vertical cold wall (this will be checked in the following paragraph). 
Velocity profiles
Figs. 4 and 5 exhibit the x-velocity and y-velocity profiles along the vertical and horizontal centerline, respectively. The, also, show a maximum velocity for 0.05 ≤ y ≤ 0.1 and 0.05 ≤ x ≤ 0.1 . When y and x are greater than 0.2, the x-velocity profile remains in the range [-900, 900 ] and the y-velocity profile Noureddine Abouricha, Mustapha El Alami, Mounir Kriraa and Khalid Souhar/ American Journal of Heat and Mass Transfer (2017) Vol. 4 No. 2 pp. 121-135 130 is in the range [-1500, 500] . For Ra ≤ 10 7 , speed curves are confused and near to zero, which shows that the fluid is, substantially, at rest at the core of the cavity. On the other hand, when Ra > 10 7 we note that a movement of the fluid becomes more important, especially when Ra approaches 10 8 . The dynamic boundary layers appear in the zones 0 ≤ y ≤ 0.2, fig.4 , and 0.9 ≤ x ≤ 1, fig. 5 . The latter becomes more and more pronounced, and the maximum velocity in the boundary layer increases with the increase of Ra. We notice it has a nickname boundary layer which appears in the zone 0 ≤ x ≤ 0.15, fig. 5 . The speed starts increasing to a maximum value then begins to decrease. By cons, for Ra = 10 8 , speed begins to decrease because of the small cell located at y=0.5 which rotates against the direction of the main convective cell rotation, fig. 3 (d) . 
Thermal profiles
Fig . 6 shows the evolution of the dimensionless temperature θ along the vertical medium of the cavity. For each value of the Rayleigh number, there is a critical position y * for which θ(0.5; y) decreases with y for 0 ≤ y ≤ y * and increases fory * ≤ y ≤ 1. Critical values remain between 0.03 ≤ y * ≤ 0.15 and decrease by increasing Ra. The temperature drop in the lower region of the cavity is due to the descent of the fresh air, on the side of the cold wall. Then the thermal profile straightens having a temperature rise on the central vertical axis. Indeed, even cold air forces the hot puffs moving in a rotating flow toward the center of the cavity and form stratified layers, especially for low Ra values. 
Heat transfer
The heat exchange between the cavity and the outside is studied locally via the local Nusselt number on the cold wall Nuc ( fig. 7) , and globally by studying the evolution of the average Nusselt number on the hot wall with respect to Rayleigh number ( fig. 8) . Nuc, is maximum up of the cold wall, because this is where the circulating hot fluid (in the clockwise direction) from the hot wall, comes into contact with the cold wall. The heat transfer is maximized. Nuc decreases gradually as the fluid descends along the cold wall and increases with the increase of Ra. It becomes almost linear with y in the area 1/6 ≤ y ≤ 3/6. The averaged Nusselt number variation with Ra is presented in fig. 8 . Generally, Nu h varies in the range 10 ≤ Nu h ̅̅̅̅̅ ≤ 30, and increases, linearly in logarithm scales, with Ra. Nu h ̅̅̅̅̅ is correlated to the Rayleigh number as: Nu h ̅̅̅̅̅ = 0.2103Ra 0.2484 which can be approximated by : Nu h ̅̅̅̅̅ = 0.21Ra 1/4 . The latter term exists in a number of references such as the case of vertical channels with and without transvers square ribs (Tanda, 1997) or in Smooth and Ribbed Vertical Channels (Acharya and Mehrotra, 1993) . Note that the time evolution on Average Nusselt number has a constant value for low Ra, but it oscillates around an average one when Ra is high. Noureddine Abouricha, Mustapha El Alami, Mounir Kriraa and Khalid Souhar/ American Journal of Heat and Mass Transfer (2017) Vol. 4 No. 2 pp. 121-135 133 
Conclusion
We conducted this numerical study in order to achieve two objectives: first, to develop a personal code based on the LBM that allows us to treat flows of natural or mixed convection in complex geometries for laminar or turbulent regime. The second objective is the study of flows and heat transfer for high values of Rayleigh number which have their applications in heating and air conditioning for human comfort. We have established a code that we validated when applied to a full scale 2Dcavity, heated from below and provided with a cold glass door.
The results showed the development of natural convection of Rayleigh-Bénard illustrated by closed cells with different sizes. The average Nusselt number is studied as a function of the Rayleigh number and correlated. The proposed correlation of the average Nusselt number is widely encountered in previous work in the case of vertical channels. The energy transmitted to the fluid by the heated wall, leaves the cavity through the cold one; this energy balance was verified.
